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Abstract 
 
Renewable energy sources require an energy storage system because 
its are fluctuating and electricity producing at certain times, even 
sometimes not in accordance with the needs of the load. To maintain 
continuity of electricity, smart battery energy storage system is 
needed. Therefore, this paper of a full-bridge bidirectional DC-DC 
Converter (FB-BDC) with Fuzzy Logic Control (FLC) is designed and 
implemented for battery energy storage application. The FLC has 
error and delta error of voltage level as input and duty cycle of FB-
BDC as output. The FB-BDC is controlled by a microcontroller ARM 
Cortex-M4F STM32F407VG for voltage mode control. The FB-BDC 
topology is selected becuase battery storage system needed isolated 
and need high voltage ratio both for step-up and step-down. The 
main purpose of FB-BDC to perform bidirectional energy transfer 
both of DC-Bus and battery. Moreover, FB-BDC controls the DC-Bus 
voltage according to referenced value. The power flow and voltage on 
DC-Bus is controlled by FLC with voltage mode control. The 
experiment result shows the ability of FLC  voltage mode control to 
control FB-BDC on regulate charging voltage with an error 1% and 
sharing voltage 1.5% form referenced value . 
 
Keywords: full-bridge bidirectional DC-DC Converter, Fuzzy Logic 
Controller, Battery Energy Storage System.  
  
 
1. INTRODUCTION 
The growth of electrical energy consumption increase appropriate 
with the increasing of population and demands for a higher standard of living 
[1]. To fulfil demand of electricity, some countries use renewable energy 
sources including Indonesia [2-3].  Generally, renewable energy sources are 
strongly influenced by the environment condition and there are many 
deficiencies in its implementation. The renewable energy cannot be found in 
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every place, only certain places that have renewable energy sources and 
renewable energy produced sometimes not in accordance with the demand 
of the load [1]. For example, Photovoltaic power generation is one of 
renewable energy source, which it can only be used during the day. 
Moreover, wind turbine only can be used for certain wind speed. 
One of the efforts developed by researchers of renewable energy in 
efforts to maintain continuity is developing of energy storage systems with 
energy storage technology, which it can store the electricity and can be used 
as quickly as possible. The battery energy storage technology able to help 
improve the reliability of the electric power system due to the demand for 
electrical energy that changes throughout the day. Therefore, energy storage 
technology is used as a method to store energy when energy demand is low 
and will be used to help supply energy when energy demand is high. Figure 1, 
illustrated the way to keep continuity of electricity using battery energy 
storage system, when energy produced higher than load demand, the surplus 
energy will be stored in battery, but when the load demand energy is higer 
than produced energy, the battery will be discharge to meet load demand.   
 
 
Figure 1. Battery Energy storage system (BES) to help increase the continuity of 
electrical energy. [1]. 
 
One of the easy ways to control power flows on battery energy storage 
system is equipped with a bidirectional DC-DC converter. A Bidirectional DC-
DC converter is a power converter that can work in two directions, charging 
mode to store energy into the battery and discharging mode to deliver 
electrical energy from the battery to the load [4-7]. Bidirectional DC-DC 
converter topology can be classified into two categories: non-isolated and 
isolated topology [8-9]. In this paper the topology discussed is isolated 
bidirectional DC-DC converter using isolated bidirectional Fullbridge DC-DC 
converter. The advantages of this converter are isolated for isolation security 
where the input circuit and output circuit are sparately not connected, also 
used at high voltage and easily implemented hardware [10-14].  Figure 2. 
illustrates position of bidirectional DC-DC Converter to enable bidirectional 
power flows between DC Bus and battery or another energy storage system. 
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Figure 2. Bidirectional DC-DC Converter position on energy storage systems. 
 
According to the principle of a bidirectional DC-DC converter, power 
flow can be transferred both from the battery to the high voltage DC Bus or 
from the Low voltage DC Bus to the battery, then operation modes of 
converter are varied based on unpredictable power flow determined by 
energy sources and load demand. To enable these operation modes, an 
automatic and fast response controller are needed to control power flow.  In 
this paper fuzzy logic controller is selected and implemented in the ARM 
Cortex M4 32bit STM32F407 Microcontroller to control power flow of 
bidirectional DC-DC converter. 
 
2. RELATED WORKS 
The DC-DC converter is a device used to transfer DC power flow with 
vary of voltages. DC-DC converter can be used for adding or reducing of 
voltage. the DC-DC converter clasified on two categories, unidirectional and 
bidirectional. The unidirectional DC-DC converter is a device used to convert 
voltage level and control power flow on direction determined. Moreover, a 
bidirectional DC-DC coverter is a device used both  to convert voltage level 
and control power flow on two directions [8-9]. There are many topology of 
bidirectional DC-DC coverter was developed by reseacher, one of the famous 
type is full-bridge bidirectional DC-DC converter (FB-BDC). The FB-BDC 
topology is recomended for battery storage system because it has high 
voltage ratio both for step-up and step-down, easy to control power flow, 
high efficiency and anable to transfer high power [7-11]. 
 
The FB-BDC requires very simple electronic components, namely in 
the form of MOSFETs as component switching, Fast Recovery diode, high 
frequency transformers as step-up and step-down in voltage and also work 
as isolated input power to output power, inductors and capacitors for filter to 
reduce ripple current. Figure 3. ilustrated circuit of FB-BDC. 
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NsV = 2 V Dout inNp
 
Figure 3. The circuit of FB-BDC 
 
The FB-BDC have two work operating modes, namely charging mode 
for step-down DC voltage and sharing mode to step-up DC voltage. 
 
2.1 FB-BDC Charging Mode. 
In the charging mode, FB-BDC operated work to reduce the voltage, 
where the output voltage will be smaller than the input voltage. The 
relationship between the output voltage and the input voltage for charging 
mode can be formulated in equation 1, where Vout is output voltage, Vin is 
input voltage, Ns is the number of scondary winding, Np is the number of 
primary winding and D is duty cycle.  
  
           (1) 
               
In the charging mode, the input power is from DC BUS, then the 
voltage is reduced and power lows for charging the battery. In this charging 
mode the power flows through switch S5-S8 [8-11]. The switch work 
alternately, if the S5 and S8 are active, the S6 and S7 are not active. Whereas 
S1-S4 is not switched or open condition, internal diode is used as a rectifier. 
The switching pattern can be seen on Figure 4 and the power flow on circuit 
for charging mode as shown in Figure 5, the red color mean power flow 
through the line. 
 
Figure 4. Switching pattern of FB-BDC for charging mode operation 
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Figure 5.  The sequence and power flow of FB-BDC for charging modes (a) 
phase 0-180, (b) phase 180-360. 
 
2.2 FB-BDC Sharing Mode. 
In the sharing mode FB_BDC operated to work to increase the voltage, 
where the output voltage will be greater than the input voltage. The 
relationship between the output voltage and the input voltage for the sharing 
mode can be formulated in equation 2, where Vo is output voltage, Vin is 
input voltage, N2 is the number of scondary winding, N1 is the number of 
primary winding and D is duty cycle.  
 
           (2) 
 
In the charging mode, the input power comes from the battery. The 
voltage is then reduced and power flows to supply the load. In the charging 
modethe power flows through S1 - S4 [8-11]. The switch work alternately, if 
S1 and S4 are active, the S2 and S3 are not active. Whereas S5-S8 is not 
switched or open condition, internal diode is used as a rectifier. The 
switching pattern can be seen on Figure 6 and the power flow on circuit for 
sharing mode as shown in Figure 7, the red color mean power flow through 
the line. 
 
Figure 6. Switching pattern of FB-BDC for sharing mode operation 
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Figure 7.  The sequence and power flow of FB-BDC for sharing modes (a) phase 0-
180, (b) phase 180-360. 
 
The magnitude power flows of FB-DBC both for charging and sharing 
mode operation are determined by PWM. To perform precisely power flow 
on fluctuated condition precise PWM is needed, the way to get precise PWM 
researcher susgedted by applying intelligent controller. The Fuzzy Logic 
Controller is the one of the recomended controller by researcher [15-18], 
because it simple, can be done through computer simulation and can also be 
embedded in a microcontroller. The fuzzy logic controller for DC-DC 
converter application does not require too much computational process. 
 
3. ORIGINALITY 
As mentioned in the introduction, this paper discusses about the 
bidirectinal DC-DC converter for energy storage system, especially using Full-
Bridge DC-DC converter controlled with fuzzy logic controller. In this paper 
emphasizing of implementation in hardware not only by software simulation. 
The Experimental used 311 volts of DC Bus and Battery 72 volts, and the 
fuzzy logic controller as controller is implemented in STM32F407 
microcontroller to automatically control the power flow both for charging 
and sharing bettwen DC Bus and battery according to load requirements. The 
contribution of this paper is generating real time control with fuzzy logic 
controller to control power flow of FB-BDC on energy storage system. 
 
4. SYSTEM DESIGN 
The block diagram of FB-BDC for battery energy storage systems with 
fuzzy logic controller can be seen in Figure 8. The FB-BDC  design for the 
main DC Bus is assumed to be from renewable source energy with nominal 
voltage 311 Volt DC and its can be varying from 300 Volts to 340 Volts, the 
FB-BDC completed with isolated gate drivers to enable control from 
microcontroller, and also provided with isolated voltage sensors and 
monitoring devices. The input of fuzzy logic controller comes from the the 
voltage sensor readings by ADC (analog to digital converter) of 
microcontroller.  This reading value then convert to the membership function 
of error and delta error, after that the degree of membership of error and 
delta error evaluate with rule base and then processed by defuzzyfication to 
determine PWM duty cycle.  
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Figure 8. Block diagram of proposed FB-BDC for battery energy storage systems. 
 
The proposed FB-BDC has three operating modes namely charging 
mode, sharing mode and stanby mode. The operating mode of this converter 
is selected automatically with principle operating procedure described in 
Figure 9. The charging mode is activated when the voltage on the DC BUS 
reaches a voltage greater than or equal to 320 V. This charging mode will be 
used to store energy by charging the battery of 72 V 9 Ah. This charging mode 
will turn off when the voltage on DC Bus experiences a decrease in to 315 V 
or specified set point. In this state, it is defined as a low load demand state on 
DC Bus. 
The FB-BDC sharing mode is actived when the voltage on DC Bus 
experiences a decrease below 311V or the set point of network voltage 
system on the DC Bus black out.  This sharing mode will turn off when the 
voltage on DC Bus experiences an increase greather than 315 V or specified 
set point. This sharing mode operation will be used to stabilize the voltage on 
the DC Bus around the set point to supply the load demand on DC Bus. In this 
state, it is defined as an overload on DC Bus. The FB-BDC standby mode is 
activated when the voltage on DC Bus is in stable condition at appropriate 
voltage rating, in other terms the standby mode activated after both 
condition charging or sharing mode. Where, in this situation is defined as the 
state of voltage on DC Bus work normaly according to the set point. 
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Figure 9. Design of reference value for mode activation of charging, sharing and 
standby 
 
To be able to control operation mode of FB-BDC for charging, sharing 
and standby, a block diagram of control algorithm is shown in Figure 10. The 
system used voltage sonsor for sensing DC Bus voltage and Battery volatge, 
this measurement value of DC bus voltage used as feedback of controller. In 
the charging mode, the measurement value of DC bus voltage compared to 
the set point value, if the measurement value of DC Bus is higher than 
setpoint value the charging mode will be actived and the converter will 
charge the battery according to the predetermined set point of batttery 
voltage. in the sharing mode activated when the voltage on the DC Bus below 
the set point value. In this mode, the converter will stabilize the voltage on 
the DC bus according to the predetermined set point of DC Bus voltage. 
 
 
Figure 10. Proposed control algorithm for mode activation of charging, sharing and 
standby. 
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In the proposed algorithm to operate mode of charging, sharing and 
stanby used selection by automatic switch, this activated by comparing DC 
Bus voltage and reference value. And then used separately fuzzy logic 
controller for charging and sharing, becasue the value of voltage is different 
bettwen DC Bus and Battery. In the stanby mode, FB-BDC is stop working just 
standby to work for sharing or charging.  The design of membership function 
of error and delta error for charging mode operation described on Figure 11 
and Figure 12, then the inference rule base to for charging mode on Table 2, 
and the defuzzyfication membership function on Figure 13. 
 
Figure 11. The membership function of input error in charging mode 
 
 
Figure 12. The membership function of input delta error in charging mode. 
 
The rule base of the fuzzy logic inference system for evaluation used in the 
charging mode operation is a 55 combination rule of the input error and input 
delta error. Details of the inference rule base can be seen in Table 1.  
 
Table 1. The inference rule base in charging mode operation 
 
 Error 
NB N Z PS PB 
D
e
lt
a
 E
rr
o
r DNB kbs kb k tb kb 
DN kbs kb k tb tbs 
DPAS kbs k bs t tbs 
DP kb k k tb tb 
DPB kb kb k tb tbs 
 
The defuzzification output process in charging mode operation uses of 
the sugeno method fuzzy logic control is in the form of singleton. Where 
defuzzyfication with singleton is described as Figure 13. 
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Figure 13. The membership function of defuzzification in charging mode. 
 
The design of membership function of error and delta error for sharing 
mode operation described on Figure 14 and Figure 15, then the inference 
rule base to for charging mode on Table 3, and the defuzzyfication 
membership function on Figure 16. 
 
Figure 14. The membership function of input error in sharing mode 
 
 
Figure 15. The membership function of input delta error in sharing mode. 
 
The rule base of the fuzzy logic inference system for evaluation used in the 
sharing mode operation is a 55 combination rule of the input error and input 
delta error. Details of the inference rule base can be seen in Table 2.  
 
Table 2. The inference rule base in sharing mode operation 
 Error 
NB N Z PS PB 
D
e
lt
a
 E
rr
o
r DNB kbs kb k tb kb 
DN kbs kb k tb tbs 
DPAS kbs k bs t tbs 
DP kb k k tb tb 
DPB kb kb k tb tbs 
 
 
The defuzzification output process in sharing mode operation uses of the 
sugeno method fuzzy logic control is in the form of singleton. Where 
defuzzyfication with singleton is described as Figure 16. 
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Figure 16. The membership function of defuzzification in sharing mode. 
 
Table 3.  The FB-BDC Parameter 
Parameter Name (Unit) Sharing Mode Charging Mode 
Minimum Battery Voltage Vsmin (V) 72 340 
Maximum Battery Voltage Vsmax (V) 78 320 
Output Voltage for DC Bus Vo (V) 311 82.3 
Output Current for DC Bus Io (A) 1.56 3.6 
Switching Frequency  F (KHz) 20 20 
Initial Duty Cycle D (%) 75 27 
Transformer Ratio - N1/N2 =184/84 
Inductor Low Voltage L1(uH) 86 
Capacitor Low Voltage C1 (uF) 100 
Capacitor High Voltage C2(uF) 100 
 
 
To perform a good performance DC-DC converter, it is necessary to 
calculate every component value in the right value. If the value of the 
component used is incorrect, it can cause high ripple voltage and current. The 
parameters of the FB-BDC used in this paper described in Table 3. FB-BDC 
has output voltage for DC Bus of 311 V for sharing mode and 82.3 for charing 
mode. Output voltage of FB-BDC adjusted with grid and battery voltages. 
Moreover, output current for DC Bus of 1,56 A for sharing mode and 3,6 A for 
charing mode. Specification of switching frequency determined of 20 kHz to 
decrease ripple of output voltage. 
 
5. EXPERIMENT AND ANALYSIS 
The experimental hardware prototype of FB-BDC  can be seen in Figure 
17, at the bottom is the DC-DC converter power section, the second layer for 
signal conditioning board and the top is controller which is included the TFT 
LCD interface to display the voltage and current. 
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Figure 17. The experimental hardware prototype of FB-BDC. 
 
 
5.1 Result of charging mode. 
In the charging experiment FB-BDC works in charging mode. Where, 
FB-BDC input comes from DC Bus 320 V - 340 V, then the voltage is converted 
step-down to 82 V for charging 72 V battery. This charging mode start when 
the voltage on the DC Bus is greather than 320 V, charging mode stop when 
the voltage on the DC Bus get down under 315 V. The battery charging 
method used is a constant voltage type that is controlled using a fuzzy logic 
controller.  To be able to control battery charging with constant voltage need 
a voltage sensor placed on battery therminal, the sensor used as feedback of   
fuzzy logic controller. The set point of charging voltage is formulated in 
equation 3 below. 
 
set point of charging = 82 - sensor reading of battery therminal    (3) 
 
Where, 82 is the nominal voltage used for charging. In this experiment 
FB-BDC work very well to step-down  the voltage from 335 Volts DC to 82 
Volts DC with the current obtained at 2.6 A. The output voltage waveform 
observed by digital oscilloscope can be seen in Figure 18 and output current 
waveform in Figure 19. 
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(a) 
 
(b) 
Figure 18. The FB-BDC output voltage to battery for charging mode, a. voltage 
waveform. b. Riplle Volatge. 
     
 
(a) 
 
(b) 
Figure 19. The FB-BDC output current to battery on charging mode, a. Current 
waveform. b. Riplle current. 
 
In the experiment on charging mode operation, the fuzzy logic 
controller responses time on charging mode operation to achieve steady 
state requires 3.7 seconds. This response can be seen in Figure 20. 
 
 
Figure 20. The FB-BDC output response time achieve steady state on charging 
mode operation. 
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The FB-BDC also be tested with disturbance, Disturbance simulated with 
increasing and reducing DC Bus voltage in input full-bridge bidirectional DC-DC 
Converter. Disturbance is applied by DC power supply. The ability of Fuzzy 
logic controller to maintain charging voltage shown in Figure 21. On 
increasing DC Bus voltage FB-BDC need 2.88 second to achieve steady 
condition and on reducing DC Bus voltage FB-BDC need 2.11 second to 
achieve steady condition. 
 
 
(a) 
 
(b) 
Figure 21. The FB-BDC output response time achieve steady state. a. On 
increasing DC Bus voltage, b. On reducing DC Bus voltage 
 
 
5.2 Result of sharing mode. 
In the sharing mode experiment FB-BDC works in sharing mode. Where 
FB-BDC input comes from battery 72 V, then the voltage is converted step-up 
to 311 V DC Bus volatge. This sharing mode start when the voltage on the DC 
Bus is lees than 311V and sharing mode will stop when the voltage on the DC 
Bus reach greather than 315V.  In the sharing mode also used  a constant 
voltage type that is controlled using a fuzzy logic controller.  To be able to 
control DC Bus volatge with constan voltage need a voltage sensor placed on 
DC Buss, the sensor used as feedback of   fuzzy logic controller. The set point 
of sharing volatge is formulated in equation 4 below. 
 
set point of sharing = 311 - sensor reading of DC Bus  (4) 
 
Where, 311 is the nominal voltage used on DC Bus. In this experiment 
FB-BDC work properly to step-up  the voltage from 72 Volts DC to 310.5 V 
with the current obtained at 1.63 A. The output voltage waveform on DC Bus 
can be seen in Figure 22 and output current waveform in Figure 23. 
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(a) 
 
(b) 
Figure 22. The FB-BDC output voltage to the DC Bus for sharing mode, a. voltage 
waveform. b. Riplle Volatge. 
     
 
(a) 
 
(b) 
Figure 23. The FB-BDC output current to the DC Bus on sharing mode, a. Current 
waveform. b. Riplle current. 
 
In the experiment on sharing mode operation, the fuzzy logic controller 
response time on sharing mode operation to achieve steady state requires 3.2 
seconds. This response can be seen in Figure 24. 
 
 
Figure 24. The FB-BDC output response time achieve steady state on sharing 
mode operation. 
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The FB-BDC also tested with disturbance, Disturbance simulated with 
increasing and reducing DC Bus voltage in input full-bridge bidirectional DC-DC 
Converter. Disturbance is applied by DC power supply.. The ability of Fuzzy 
logic controller to maintain charging voltage shown in Figure 25. On 
increasing DC Bus voltage FB-BDC need 4.20 second to achieve steady 
condition and on reducing DC Bus voltage FB-BDC need 4.28 second to 
achieve steady condition. 
 
 
(a) 
 
(b) 
Figure 25. The FB-BDC output response time achieve steady state. a. On 
increasing DC Bus voltage, b. On reducing DC Bus voltage 
 
6. CONCLUSION 
The experiment results show that FB-BDC with Fuzzy Logic  
Controller worked properly perform bidirectional energy transfer both 
charging mode and sharing mode and also regulated the DC-Bus voltage 
according to referenced value. In charging mode, has succeeded in step-down 
the voltage from 320 Volts to 82 Volts for charging the battery with an error 
percentage of less than 1%. In sharing mode, it has managed to step-up the 
voltage from 72 volts to 311 Volts. With an error percentage of less than 
1.5%. Fuzzy control response to reach steady state in charging mode takes 
3.7 seconds while in fuzzy response sharing mode it takes 3.2 seconds to 
reach steady. From this reason can be concluded that FB-BDC succeessfull 
controled with Fuzzy Logic  Controlle for regulate voltage both for charging 
and sharing mode on energy storage application. 
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